Abstract
Introduction

43
Attenuating the current increasing atmospheric CO 2 concentration is one of the greatest (Khalilabad et al., 2008) , and using reactive transport modelling (Aradóttir et al., 2012) .
96
The CarbFix project is unique in that it injects CO 2 into basalts as a dissolved aqueous due, in large part due to SO 2 capture. This SO 2 capture could potentially be combined with CO 2 116 capture in water, and this water-soluble gas mixture injected into reactive rocks for mineral 117 storage.
119
Emissions of H 2 S are an inevitable consequence of geothermal energy exploitation, pulp 120 and paper production and the use of fossil fuels (e.g.World Health Organization, 2000).
121
Regulations for H 2 S emissions have obliged Icelandic geothermal energy producers to reduce their 122 emissions of this gas (Aradóttir et al., 2015; Gunnarsson et al., 2011) . One mitigation option is to 123 capture H 2 S and inject it into the subsurface. This approach has been adopted by an ongoing 124 carbon storage project at Weyburn Canada in connection with enhanced oil recovery, which has 125 been co-injecting supercritical CO 2 and H 2 S into subsurface sedimentary rocks (Bachu and Gunter, 126 2005). The behaviour of co-injecting H 2 S has not been studied to the same extent as injection of 127 pure CO 2 . Some work has, however, been done in terms of geochemical modelling and laboratory 
Methods
147
Description of the CarbFix site
148
The CarbFix injection site is located in SW-Iceland, about 30 km east of Reykjavík. The 149 site is ~260 m above sea level and located 3 km SW of the Hellisheidi geothermal power plant 150 ( Fig. 1) , which is owned and operated by Reykjavik Energy. During 2015, the power plant 151 generated 303 MW of electricity and 133 MW of thermal energy using hot water and steam from 152 a high temperature reservoir located at 800-3000 m depth E and NE of the power plant. The 153 power plant annually produces 40,000 tonnes CO 2 and 12,000 tonnes H 2 S. These gases are of 154 magmatic origin produced as a by-product of the geothermal energy production. The geology of the CarbFix site was described in detail by Alfredsson et al. (2013) . The Temperature and conductivity were measured at the sampling site using a Eutech Chromatograph. The addition of zinc-acetate to the SO 4 sample was not needed for its analysis 300 since the H 2 S concentrations were small compared to the SO 4 concentrations as shown below. Science Center in Umeå, Sweden using a Shimadzu TOC-VcPH total organic carbon analyser.
307
The precipitates collected from the pump recovered from the HN-04 monitoring well 308 were analysed by X-ray Powder Diffraction (XRD) at ISOR, Iceland for phase identification.
309
The samples were measured using a Bruker AXS D8 Focus X-ray diffractometer with Cu kα 310 radiation at 1.54Å wavelength, set at 40 kV and 40 mA using 1° divergence and receiving slits.
311
The chemical composition of the precipitates was also analysed by ALS, Scandinavia. The anaerobic chamber prior to analysis to minimise oxidation. Within the chamber, the samples 323 were centrifuged, dried, crushed and mounted on low-background sample holders that were then 324 covered with X-ray transparent cups to minimise oxidation during measurements. balance, the in situ saturation state of the water with respect to mineral and gas phases, and the 366 effect of CO 2 and CO 2 -H 2 S-H 2 gas injection on the aqueous chemistry of the subsurface fluids was performed using PHREEQC (Parkhurst and Appelo, 2013 
Results
379
The compositions of all sampled fluids are shown in Figures 2, 3, and 8, in a three month gap in the monitoring data as described below.
397
Fluid pH, carbon, and sulphur
399
Prior to the injections, the pH of the HN-04 monitoring well samples was 9.5-9.6, the after the Phase I injection was started, but ten days before the first reactive tracer maximum.
409
Subsequently, both DIC and pH trended back towards their initial values (Fig. 2b) tracer maximum (see Fig 2) . The measured sulphur concentrations (SO 4 -2 , H 2 S, and S total) from before, during and 431 after the Phase II injection are shown in Figure 2c and Table A1 in the electronic supplements. concentrations were close to the detection limit for the two months following the start of the gas 453 mixture injection.
455
In contrast, dissolved Si concentrations were close to constant throughout the monitoring 456 period (Fig. 3d ). An increase in Na concentration was most prominent at the beginning of the Na-concentration at the end of the monitoring period was about 2.6-2.7 mmol/L. A similar trend 460 is evident for K, but the increase in its concentration was somewhat lower than that of Na (Fig.   461 3f). The only major difference between the responses of these concentrations to the dissolved gas 462 injections was the presence of a small concentration peak in K during October 2012. The origin 463 of this peak in unclear. The Al concentrations were strongly pH dependent, consistent with its 464 solubility dependence on pH from neutral to basic conditions (e.g. Drever, 1982) . As such, a 465 strong correlation was observed between Al concentrations and pH before, during, and after the 466 injections (Fig. 3g) . The Cl concentrations were generally constant throughout the monitoring 467 period with a concentration of 2.4 mmol/L (Fig. h) . were calculated to be supersaturated with respect to siderite shortly after both injections, whereas 494 magnesite was strongly undersaturated during this time (Fig. 5a) 
500
There calcite appears at a relatively low CO 2 partial pressure, and magnesite-siderite at higher 501 partial pressures (Fig. 6) , as predicted by the PHREEQC modelling (Fig. 5a ). Phase II fluid, and it is near to saturation in some monitoring samples collected from October to
550
April 2013 (Fig. 5d) . Mackinawite was not been identified in the area, and was not detected by 551 XRD-analysis on the airlift samples from HN-02 (Fig. A3 in the electronic supplement) .
552
However, mackinawite typically forms as a nanocrystalline material, whose broad peaks in XRD
553
would be complicated to identify. was slightly undersaturated in the monitoring fluid samples prior to the injections, but becomes 558 saturated during Phase I; it then remains saturated for the rest of the monitoring period (Fig. 7a) . injection, and then it is subsequently saturated (Fig. 7b) . The samples were supersaturated with 565 respect to other zeolites previously found in the area; and the general trend was a decrease in the 566 monitoring fluid saturation index during the Phase I injection with an increase 6-8 weeks after
567
Phase I was started. A slight dip was observed during the Phase II injection and an increase was 568 observed during the second breakthrough of the injected fluid from Phase I (Fig. 7b) . is depicted with the clay minerals; its behaviour was similar to kaolinite, except that it was 577 undersaturated prior to the injections and became saturated when pH dropped below 8 during
578
Phase I. It remained slightly supersaturated during the rest of the monitoring period (Fig. 7c) .
579
The saturation states of two other members of the kaolinite group; imogolite (Al 2 SiO 3 OH 4 ) and 580 allophane (Al 2 O 3 SiO 2 *H 2 O), were also calculated. Imogolite was undersaturated prior to the 581 injections but became strongly supersaturated during Phase I when the pH drops below 8, and 582 remained supersaturated for the rest of the monitoring period, but decreasingly so as the pH 583 increased (Fig. 7c) . Allophane was undersaturated during the whole monitoring period. Smectite
584
was supersaturated in all samples except for the samples taken during, and shortly after the two 585 injections while the pH was <8 (Fig. 7c) . Smectite is one of the most abundant secondary 586 minerals in basaltic rocks and has been identified in all wells drilled at Hellisheidi (e.g.
587
Schiffman and Fridleifsson, 1991). were lower during the second breakthrough (Fig. 3d) . Measured Na and K concentrations were 607 higher than the calculated from non-reactive conservative mixing, with a continuous increase up 608 until the second breakthrough of Phase I, indicating net-release of these elements from the rock 609 to the fluid (Fig. 3e-f ). Na and K are the most mobile major elements during the weathering and from well HN-04 was below 8 (Fig. 3g) . Subsequently, the measured Al concentration rises These previous conclusions are supported by the observations reported in this study.
640
Shortly after the injections, the measured concentrations of dissolved Mg, Fe, and Ca increased 641 substantially (Fig. 3a-c should have been as high as 0.6 mmol/L in the absence of sulphur precipitation (Fig. 8b ). This
667
indicates that vast majority of the sulphur injected into the subsurface was fixed within several 668 weeks, before the Phase II fluids arrived at the first monitoring well. Indeed, numerous sulphur-669 bearing minerals, including pyrite, pyrrhotite, mackinawite, and greigite were supersaturated 670 during the first weeks of Phase II injection (Fig. 5d ).
672
Pyrite was strongly supersaturated favouring its nucleation and subsequent precipitation.
673
The pyrite formation was confirmed by XRD-analysis on solids collected from the water samples In contrast during the CarbFix method, CO 2 is dissolved into water during its injection 702 into porous basaltic rocks. No cap rock is required because the dissolved CO 2 is not buoyant and
703
will not tend to migrate back to the surface. Solubility trapping occurs within 5 minutes during 704 the CO 2 injection process (Sigfusson et al., 2015) , and due to the reactivity of the basaltic rocks 705 the bulk of the carbon is trapped in minerals within two years as shown in Figure 9b (this study; 
